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ABSTRACT

A framework and indices to classify fire hazard of lining materials directly using row data
from bench scale test are developed by the analysis of the qualitative and asymptotic behavior
of concurrent flame spread models. The proposed index uses total heat release rate, time to
ignition and time to burnout. Through comparative studies, this method has been found to
lead to a reasonable correlation between the results of the Cone Calorimeter and the ISO9705
Room Corner Test.

Keywords: Cone Calorimeter, ISO 9705 Room Corner Test, flame spread, heat release rate,
flashover.

INTRODUCTION

Upward flame spread along a wall lining and horizontal flame development beneath a
combustible ceiling is very often a direct trigger for the occurrence of flashover. Although the
fear of concurrent flame spread should have been recognized from the dawn of the
civilization, development and application to practice of Fire Safety Engineering(FSE)
concepts and tools for lining materials is still far behind that in the smoke control and the
structural fire safety. This is probably because of the complexity of the phenomena relevant
to the fire safety of interior linings. Because of such difficulty in the engineering approach,
most of the conventional regulations and tests on lining materials do not seem to have clear
relevance with real fires. Moreover, comparative studies on standard reaction-to-fire tests in
European countries during the 1960's revealed notable inconsistency in the then effective
regulatory test methods[1]. Such inconsistency raised a doubt if the conventional
classification properly represents the hazard of lining materials in real fires.

On the other hand, modeling of concurrent flame spread is probably one of the research topics
in fire safety on which the progress of scientific understanding have been the most
pronounced during the last two decades. Concurrent flame spread attracted combustion
scientists relatively early, and the theoretical paradigm for its mathematical formulation was
established before the 1980s(e.g.2, 3, 4, 5]. Most of the early works on flame spread,
conducted within the combustion science rather than fire research, dealt with simple
materials, laminar flow conditions and idealized configurations with few exceptions|6].
Modeling of flame spread in the fire safety engineering since around the 1980s has focused
the treatment of turbulence, development of simulation method, reformulation using material
properties measurable with practical testing apparatus as input, and the derivation of
evaluation concepts for fire safety. These efforts have enabled prediction of concurrent flame



spread for limited types of lining materials and the evaluation of the asymptotic behavior of
fire development. These research efforts have been reflected in the development of
performance-oriented reaction-to-fire tests by the ISO/TC92/SCl(reaction-to-fire). However,
the complexity of the lining fires still seems to prevent practitioners such as building
regulators, architects and material producers to introduce these research results into practice.

Most of the flame spread models in fire are based on a concept of ignition and flame spread
as a result of inert heating of the solid to an ignition temperature(Figure 1). These models
could be divided into two types; analytical and numerical models. Analytical models{e.g.7, 8,
9,10] generally introduce simplifications and assumptions whereas numerical ones[le.g.11,12]
generally try to divide the combustible surface into finite difference grids and calculate the
surface temperature of each grid. Numerical approach can deal with the precise distribution of
the flame heat transfer and do not necessarily introduce any simplification. The benefit of the
analytical approach is the ease to predict asymptotic and global behavior of the flame spread,
e.g. autonomous flame extinction and the divergence of the solution. Another profit of
analytical approach compared with numerical one in the light of practice, is probably that
numerical models generally need such clementary properties of materials as thermal
conductivity, density, specific heat and heat of combustion, which need to be measured
individually and can be difficult for practical building materials.

NEEDS OF MODELING BASIS FOR MATERIAL CLASSIFICATION

Large scale and intermediate scale experiments on wall fires were conducted for the fire
safety design of the wooden lining of the main theater of Japan's recently completed New
National Theater. Since the design chosen by an international competition in 1986 proposed
wooden lining and was against the Building Standard Law, Japan's Ministry of
Construction(MoC) organized a project for its fire safety design[13]. Thickness, surface
finish and other design features of the wooden wall lining was finally determined to localize
the wall burning to less than three times the height of the pilot flame above the first ignited
package. Although this project was useful to promote research on the combustible lining and
flame spread in Japan, it is obvious that such investigations were possible only because it was
a very large construction project.

In the application of engineering fire prediction to the practical fire safety design of interior
linings, there are however at least two types of difficulties. First difficulty relates to the
considerable sensitivity of the growth of a compartment fire to the fire source and other initial
and boundary conditions. In spite of the importance of such conditions for fire growth, it is
generally difficult to predict these conditions since they may change almost everyday or
according to occupants. Such difficulty should be more pronounced as the room becomes
smaller, because the smoke layer temperature and the interactions of radiation heat transfer
tend to be augmented in small enclosures although these conditions are the dominating
elements for the growth of a room fire. The another difficulty relates to the limitation in the
man power and funds available for the design of interior linings in "common buildings".
Despite such complexity in the prediction of lining fires, time, man power and funding
allowance for the interior design of a common building is generaily not enough to run
mathematical models on different fire scenarios.

For the fire safety design of "common buildings", classification is believed to be still a most
functional way for lining materials; the central problem for establishing a classification of
materials within performance-based code system will be the harmonization between the FSE
concepts and the grading system. Originally some of the currently available analytical flame
spread models intended to use data from heat release tests such as the ISO5660 Cone
Calorimeter as the input[14,15], and have potential capability for the application to the
classification. Several works in the 1990s have tried to explain the results of the ISO 9705
Room Corner Test, a full scale test on lining fires, from the asymptotic flame spread behavior
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predicted by analytical models with the data from the ISO 5660 and other bench-scale tests.

Figure 2(a) is a graphical representation[10] of the asymptotic behaviors of the flame spread
predicted from a simple analytical equation for concurrent flame spread first derived by Saito,
Quintiere and Williams(the SQW equation, see equation(2))[8] and solved analytically by
Thomas and Karlsson{9]. The SQW equation and its variations essentially represent flame
spread velocity by the distance between the flame front and the pyrolysis front divided by the

characteristic time to ignition, i.e. V, = (x; - x,)/z. This formulation assumes a uniform flame
heating between the flame front and the pyrolysis front and the simultaneous ignition over

this area after the characteristic ignition time 7. T is taken as constant in a stationary flame
spread and can be represented by the time to ignition under the flame heat flux level. The
SQW equation also employs a linearized flame length approximation, ie. x, = L, = KQ

where O is the total heat release rate per unit width of the pyrolysis zone, whilst experiments

suggest a weaker power dependence, e.g. x = L, ¢ Q *, for upward flame spread[8]. From

experimental flame length correlations, K is believed to be around 0.01 - 0.02 for a [107] -
[10'] m tall flame. The SQW equation has been generalized to incorporate the burnout
effect[16], and the power dependence of the flame length{17,18]. While these improvements
generally tend to make an analytical treatment rather difficult, the present paper tries to use
only analytical treatment. The solution in Figure 2(a) assumes further a charring material,
whose time history of heat release rate is represented by an exponential decay function, g(1) =
Gnax €Xp(-t/t,). The solution can be divided into the following three categories according to its
asymptotic behavior. Flame spreading velocity diverges in the region I, is accelerated at the
beginning but is gradually decelerated and finally diminishes in the region II. Flame spread is
decelerated from the beginning and will die out in the region III. Lining materials falling into
the region I is believed to cause flashover, and those falling into the region II may cause
flashover in a small enclosure compared with the fire source. A room fire should not reach
flashover with any lining material in the region III, unless the fire source is large enough. For
a heat release rate represented by a rectangular function of time, q(t) = q.... {1 - U(t - 1,)}, it
has been found that the qualitative behavior of the solution can be divided into only two

categories as seen in Figure 2(b)[16]. In this figure, the acceleration/deceleration criterion, 7z,
= K9q.,... - 1, also stands for the divergence/convergence criterion. Through a different analysis,
Quintiere derived an acceleration/deceleration criterion for the local heat release rate
represented by a rectangular function[19]. This criterion is essentially equivalent with the
acceleration/ deceleration boundary in Figure 2(b). He further demonstrated that his criterion

can predict whether flashover occur in the first ten minutes in the ISO 9705 Room Corner
test.

There are some criticisms against this approach from practitioners; use of not highly
reproducible material properties, possible influence of subjective judgment in the
approximation of the heat release rate by a simple function and the use of a small specimen to
obtain the input data have been pointed out. A safer side approximation of the test data may
resolve the first two criticism, but it may spoil the benefit of the prediction-based
classification. The second criticism is rather directed to the use of bench scale tests for the
evaluation of a large building product. Certainly complicated surface treatment, ribs, cavities
and other construction details may not be represented in a 10 cm square specimen to be used
for the Cone Calorimeter. Probably those lining materials featuring such complicated
construction details need essentially an intermediate or large scale test. Also the basic
assumption for the SQW equation has been found to be valid for only limited
conditions{16,20], and there is some theoretical doubt in the validity of the analytical solution
if it is far from the steady state. However, as long as the analytical approach is applied only
for the evaluation of asymptotic flame spread behaviors, this approach should still be
effective as there is no direct need to use its solution in such a qualitative evaluation.

53




CLASSIFICATION OF THE FLAME SPREAD BEHAVIOR

An attempt has been made to resolve such difficulty of the analytical approach. In order to
derive a rational classification using row test data, analysis has been made on the generalized
SQW equation:

VA= x) 7= [KIQ(1 = Ult=15) } +x () + [t - §V fE)dE] +

. M)
BV 4BaE+ x JUC 1)) ~{x ot [V (5EV [ «
The generalized SQW equation is a generalization of the SQW equation to incorporate the
burnout effect[16]. For t<1,, equation(1) can be simplified into the original SQW equation as

V £ = [KIQ (1) + X pogq(t) + [ a(t = BV E)AE] = {x pot [y V E)dE}] [ =
= [K Qo) + X po{Kq(t) - 1} + [ {K qt— &) -1}V (5)dE] [ =

Once the fire source is removed or extinguished, the fire source term Q,(t) disappears and
equation(2) further becomes

VA =[x, {Kq()-1} + [ {Kqt -5 -1}V [5)dE] /7 3)

Flame spread is sustained only when V (£)>0 ; equation(3) suggests that if Kq(t) =1 the
flame spread can be sustained and if Kg,,, <! the flame spread should be terminated after the
removal of the fire source. A "lining material that may ignite in fire but cannot sustain flame
spread without the fire source" has a clear implication for fire safety, and this condition can
be identified by judging if its heat release rate data satisfies Kq,.,, <I.

@

One deficit of Kg,... <1 for practical fire safety assessment is perhaps the use of the peak heat
release rate, g,... , which, according to testing practice, is believed not to be very reproducible
for its high sensitivity to the sampling interval and other reasons. Taking burnout into
account, the following condition, weaker than Kg,,, <1,

[ Ka8)yds/t,<1 Q)
is likely to assure a similar criterion for practical lining materials for the sustainability of
flame spread. Equation(4) needs determination of burnout time,t>¢ , and total heat release

rate, E” q(§)d§, both of which are less sensitive to measurement apparatus and protocol than

Jne and are more reproducible than g,.... Effectiveness of this criterion can be demonstrated as
follows.

For 1>t,, equation(1) yields

V0=, (K-8 -1} V(D& /7= [ (Kg(§) -1} V (1 ~E)ME /T ®)

Even if the flame spread velocity is positive, flame spread will be gradually decelerated and
finally die out if dV,(t)/dt<0. The condition for dV,(1)/dt<0 can be obtained by taking the

limit for a stationary flame spread from equation(5). Assuming V,(¢)=constant, equation(5)
yields

| Kq(&)dE /1,—1=7/1¢, (6)




This condition is the divide between the accelerated and the decelerated modes of flame
spread, and if the left hand side of equation(6) is smaller than the right hand side, t/1¢,, the
flame spread is believed to be always decelerated. If furthermore the left hand side of

equation(6) is negative, namely [;" Kq(§)dE /1, <1, equation(5) suggests that positive value

ofV, can be achieved only when g(t) is an increasing function of time with its peak just
before the burnout large enough to compensate the decrease of flame spread velocity with
time. Obviously such functional form of g(z) should be hardly consistent with equation(4)
which specifies an upper limit of the total heat release rate. In various practical combustible
lining materials, charring materials have normally the peak heat release rate slightly after the
ignition, and there is virtually no lining material that has a significant peak at the end of
surface burning while heat release rate of some noncharring materials such as PMMA is
represented by a weakly increasing function of time. From these discussions, a lining material

satisfying [*Kq(§) dE /¢, <1 is believed to be unable to sustain flame spread once the

surface burning is isolated from fire source by its removal or burnout of the surface burning,
In that sense, this condition gives a strong limitation for the flame spread, and materials
satisfying this condition can be referred to as "strongly self-extinguishable" materials.

Another characterization of burning behavior can be introduced for those materials that may
sustain flame spread but cannot cause any accelerated flame spread. From equation(6), this
condition can be represented as

I:Kq(E)dE/tb—1<r/tb (7

Although this condition allows some larger fire development than the previous criteria, fire is
expected to extinguish automatically, and those materials satisfying equation(7) may be
referred to as "weakly self-extinguishable" materials.

The strongly and weakly seif-extinguishable materials can be illustrated graphically as seen in
Figure 3. The first term of the left hand side of equation(6) is equivalent to Kg,,, for those
materials whose dynamic heat release rate is represented either by an exponential or a
rectangular function. The equation(6) is equivalent to the criticality, t/¢,=Kq_,_ —1, in
Figure 2 for these simple analytical solutions if, for an exponential function, the time constant
representing the decay is used for #. In that sense, Figure 3 is a generalization of the Figures
2(a) and (b). Also, for heat release rate represented as a rectangular function, equation(6)
becomes equivalent with the criteria that Quintiere[19] has derived for the classification of
lining materials in terms of the time to flashover. It is important that all material properties
included in the critical conditions for both the strongly and weakly extinguishable materials
can be obtained directly with a material test to measure dynamic heat release rate such as the
Cone Calorimeter, total heat release rate, time to ignition and the burnout time.

CORRELATION BETWEEN CONE CALORIMETER AND ROOM CORNER TEST

Varjous lining materials were tested against the Cone Calorimeter and the ISO 9705 Room
Corner Test within the recently completed MoC R & D program on fire test methods. Table 1
is a summary of the specimens, material description and main results of the Cone
Calorimeter(50kW/m2) and the ISO 9705 Room Corner Test. Although the number of
materials was limited, the tested materials cover wide range of fire performance from
noncombustible materials to those not rated as fire protective materials in the Building
Standard Law. K=0.02 was assumed experimental flame height correlations on the similar
range of flame height from the ignition source with the ISO 9705 Room Corner Test. Since
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time to burnout was not easy to identify visually for a few materials, the time to the heat
release rate decaying to 20kW/m* was defined as the time to burnout. This definition scemed
to be consistent with visual definition for most of specimens with which the visual
identification of burnout was easy. For the calculation of t,, similar definition, q=, 20kW/m?
was used for the identification of the initiation of flaming. This simple definition led to minor
difference with the visual definition of time to ignition as seen in Table 4. Classifying the ISO
9705 Room Corner Test results into four grades according to the time to flashover, i.e. no
tlashover, flashover between 10 and 20 minutes, flashover between 5 and 10 minutes and
flashover before 5 minutes, the results from the Cone Calorimeter and the ISO 9705 Room
Corner Test are correlated, according to the discussion in the previous section, as shown in
Figure 4.

Table 1 also summarizes F values, a dimensionless index defined as

F=o/{| " Kagug-1,) ®)

for each specimen. F is negative for strongly sclf-extinguishable materials, and larger than
unity for weakly self-extinguishable materials. Table 4 suggests a promising prospect that F
could be an index for practical prediction of the range of time to flashover at the ISO 9705
Room Corner Test; for 0 < F < 0.15, flashover is likely to occur in 5 minutes from ignition,
for 0.15 < F < 0.44, flashover may occur between 5 and 10 minutes. Although clear flashover
did not occur with the rest of F value range, unsustained flame projection from the doorway

was observed for materials 7A0 and 8B with which average F value was between 1.1~1.8.

Especially peak heat release rate for 7A0 at the ISO 9705 Room Corner Test exceeded
1000k W. If these are to be eliminated, F > 2 could be a condition for flashover not to occur at
the ISO 9705 Room Corner Test. Also no flashover was observed with the two materials with
F < 0. Use of X value still smaller than 0.02 may lead to a better correlation between the
Cone Calorimeter and the ISO9705 Room Corner Test.

CONCLUDING REMARKS

As long as the ISO 9705 Room Corner Test is used as the reference for the fire safety
assessment of lining materials, the analytical approach has a promising prospect to serve as a
practical tool to classify the lining materials. The 2.4m x 3.6m room of the ISO9705 Room
Corner Test represents a minimum room size in buildings, and the development of a lining
fire should be faster than in a larger and commoner room. The practically sole domination of
the results of the Room Corner Test by the concurrent flame spread may be partly because of
the use of a very small enclosure in the Room Corner Test. Role of the downward flame
spread along the enclosure boundaries can become more important in a larger compartment.
Development of mathematical room fire models{e.g.21,22] is believed to be important for the
better understanding of fire behavior in larger compartments.

TERMINOLOGY

U(1) : Heaviside's unit function V, :flame spread velocity

q -heat release rate per unit area K :constant(L/Q )

t : time t, :time to burnout

L, : flame length x, :location of flame front

X, : location of pyrolysis front X, : pilot flame height

Q : heat release rate per unit width t :characteristic time to ignition
Q. - heat release rate of the ignition source
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Table 1 Materials and Summary Test Results of Cone Calorimeter and ISO9705 Room Corner Test
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Figure 1 Wall Flame Spread, Schematic Diagram
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Figure 2 Asymptotic Behaviors of Concurrent Flame Spread

5




4 T T T e
1 /

. r/t‘ =L Kq(&)dg/ -1 //‘ B

/ 'weakly
self-extinguishable
1 I~ materials -

AT

(

sstrongly self-
Tchtirlguishabfe

0 1. 2 3 4 5
[ ka@azre, (-

Figure 3 Classification of Asymptotic flame spread behaviors by row heat release data
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Figure 4 Correlation between the time to flashover in ISO9705 Room Corner Test and heat
release characteristics at heat flux level S0kW/m? in the Cone Calorimeter
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